During pasture grazing, freshly harvested herbage (litterfall) is dropped onto soils from the mouths of dairy cattle, potentially inducing nitrous oxide (N 2 O) emissions. Although the Intergovernmental Panel on Climate Change (IPCC) recommends accounting for N 2 O emissions from arable crop residues in national inventories, emissions from the litterfall of grazed pasture systems are not recognized. Th e objective of this study was to investigate the potential of litterfall to contribute to N 2 O emissions in a fi eld study located on a pasture site in Canterbury, New Zealand (43°38.50′ S, 172°27.17′ E). We applied O likely resulted from ammonifi cation followed by a coupling of nitrifi cation and denitrifi cation during litter decomposition on the soil surface. Th e emission factor of the litter deposited in situ was 1.2 ± 0.2%, which is not substantially greater than the IPCC default emission factor value of 1% for crop residues. Further in situ studies using diff erent pasture species and litterfall rates are required to understand the microbial processes responsible for litter-induced N 2 O emissions.
During pasture grazing, freshly harvested herbage (litterfall) is dropped onto soils from the mouths of dairy cattle, potentially inducing nitrous oxide (N 2 O) emissions. Although the Intergovernmental Panel on Climate Change (IPCC) recommends accounting for N 2 O emissions from arable crop residues in national inventories, emissions from the litterfall of grazed pasture systems are not recognized. Th e objective of this study was to investigate the potential of litterfall to contribute to N 2 O emissions in a fi eld study located on a pasture site in Canterbury, New Zealand (43°38.50′ S, 172°27.17′ E). We applied Emissions of N 2 O likely resulted from ammonifi cation followed by a coupling of nitrifi cation and denitrifi cation during litter decomposition on the soil surface. Th e emission factor of the litter deposited in situ was 1.2 ± 0.2%, which is not substantially greater than the IPCC default emission factor value of 1% for crop residues. Further in situ studies using diff erent pasture species and litterfall rates are required to understand the microbial processes responsible for litter-induced N 2 O emissions. (Crutzen, 1981; Forster et al., 2007; Ravishankara et al., 2009) . Agriculture was the largest anthropogenic source of N 2 O in 2005, accounting for about 60% of the total global anthropogenic N 2 O emissions (Smith et al., 2007) . A national annual N 2 O emissions inventory compiled according to the Intergovernmental Panel on Climate Change (IPCC) guidelines accounts for direct N 2 O emissions from crop residues above and below ground (IPCC, 2006) , but the methodology does not account for N 2 O emissions from the decomposition of pasture residues that are created as a result of litterfall. Previous studies (Lodge et al., 2006; Mapfumo et al., 2002; Naeth et al., 1991; Pal et al., 2012) have reported that signifi cant quantities of litter can be deposited onto the soil surface during continuous and/or single grazing events; the rates vary with animal species, pasture species, and grazing management. Lodge et al. (2006) found that Merino wethers produced a mean litterfall of 111 kg dry matter (DM) ha −1 over 4 to 6 wk of continuous grazing on forage grasses. Campanella and Bisigato (2010) reported litterfall rates of 60 to 160 kg DM ha −1 yr −1 in arid, extensive rangelands set-stocked with sheep. Carrera et al. (2008) reported litterfall rates of 260 to 310 kg DM ha −1 yr −1 as a result of sheep grazing in rangelands. Pal et al. (2012) reported fresh and senesced litterfall rates of 53 and 19 kg DM ha −1 per grazing event from intensively grazed dairy pastures, respectively, where the annual deposition of fresh litter was equivalent to a fertilizer dressing of 16 kg N ha −1 . Litterfall may sit on the soil surface and decompose or become partially incorporated into soil via animal treading. Th e biochemical composition of litterfall is comparable to that of crop residues; therefore, in situ decomposition of litterfall may potentially contribute to N 2 O emissions. Decomposition of pasture litter on the soil surface as a mulch in arable systems has been investigated (Brunetto et al., 2011; Larsson et al., 1998 Pal et al. (2012) measured N 2 O emissions aft er the complete incorporation of white clover (Trifolium repens L.) and perennial ryegrass (Lolium perenne L.) shoots and showed that the N 2 O emissions increased with declining C:N ratios. However, the experiment was performed under controlled conditions, and the DM (litter) was dried and fi nely ground before incorporation into the soil. Litter deposited in situ initially contains moisture; the pieces are larger, and it may remain on the soil surface where temperature and soil water contents fl uctuate. Studies investigating pasture litter decomposition under pastoral conditions are scarce (Kuzyakov et al., 1999; Vinten et al., 2002) . Brunetto et al. (2011) showed, using a 15 N technique, that the pasture species (white clover and perennial ryegrass) decomposed relatively rapidly (80% in 16 wk) when placed on the soil surface. However, N 2 O emissions were not measured in this study, which was performed in vineyards. Pasture management and soil nutrient parameters are considerably diff erent from conditions found in vineyards, and it is reasonable to speculate that soil biota and N cycling may diff er as a consequence.
Nitrous Oxide Emissions from
Th e following experiment was conducted to quantify in situ N 2 O emissions resulting from surface-placed ryegrass shoots to investigate the potential contribution of such litter to soil inorganic N pools and N 2 O emissions. Th e study performed here included defoliation treatments that simulated grazing because previous studies (Bardgett et al., 1998; Mikola et al., 2001) have shown that defoliation of pasture plant species can also infl uence N and C cycling. Root decomposition may also contribute to N 2 O emissions due to eff ects on N cycling (Smith and Tiedje, 1979) . To diff erentiate any artifact resulting from defoliation that could contribute to N 2 O emissions, treatments in this experiment included defoliation and removal of roots from soil via sieving. Perennial ryegrass was chosen because it is a dominant pasture species in temperate pastoral ecosystems. It was hypothesized that surface decomposition of 15 N-labeled litter would result in enhanced N 2 O emissions.
Materials and Methods

Experimental Site and Soil Preparation
Th e fi eld site was located at Lincoln University, Canterbury, New Zealand (43°38.50′ S, 172°27.17′ E; elevation 10 m a.s.l.) on a Temuka clay loam (Typic Orthic Gley) (Hewitt, 1998) . Pasture species present included perennial ryegrass and white clover that had been grazed regularly by sheep. To avoid antecedent eff ects of animal grazing (such as urine patches), the experimental site (15 m × 20 m) was surrounded by an electric fence 1 yr before the start of the experiment. Th e experiment was conducted in summer 2011 ( Jan.-Feb.) . To maintain typical fresh pasture growth, the fenced-off area was mown to a 5-cm height at 30-d intervals, with all the harvested herbage removed.
To prepare the 15 N-enriched ryegrass, fi ve seeds per pot (14 cm diameter, 10 cm height) were sown in sand (washed with deionized water) and fed with 20 mL of 1x Hoagland's solution (Hoagland and Arnon, 1950) N enrichment), the shoots of the ryegrass plants (5.35 atom%) were cut at ground level and chopped into 1-cm pieces, and the appropriate quantity was placed into the litterbags as explained below. Roots of the 15 N-enriched plants (3.99 atom%) were also washed thoroughly to remove any sand and debris, chopped into 1-cm pieces, and inserted into litterbags. Subsamples of the litter (shoots and roots) were dried at 65°C for 48 h and analyzed for hemicellulose, cellulose, lignin, total C, total N (Rowland and Roberts, 1994) , and 15 N enrichment using a continuous fl ow isotope ratio mass spectrometer (IRMS) (PDZ Europa Ltd) (Stevens et al., 1993) .
Experimental Design and Treatment Application
Th e experimental design was a randomized block design with six treatments (Supplemental Fig. S1 ; Table 1 ) each replicated fi ve times. Treatment 1 was the "true" control where pasture was not clipped and neither was litter added to the litterbags, which were placed on the soil surface and pinned at the edges. Hence, for the control, the pasture within the polyvinyl chloride (PVC) containers (PVC cores; internal diameter 8 cm, height 10 cm) was 5 cm high at the time of treatment application. Th e PVC cores were inserted into the pasture soil to a depth of 5 cm at the fi eld site 1 d before treatment application. For treatment C, the pasture was clipped to ground level, but no litter was added; hence, an empty litterbag was pinned to the soil surface, similar to the control treatment. Treatment C simulated fi eld conditions immediately aft er a grazing event but without litter being deposited onto the soil surface, allowing for artifacts that may be induced as a result of herbage clipping as noted above. For treatment CL, the pasture was clipped to ground level, and the ). Th is "shoots only" treatment simulated a situation where litter falls onto an area of harvested pasture. However, the application rate of the litter was about four times the rate of litterfall per grazing event previously measured (Pal et al., 2012) . Th is rate was used to ensure that N 2 O gas emissions were within the detection limit (0.1 μL L −1 ; 99% confi dence limit) of the gas chromatograph. Because pasture was clipped to ground level in the C and CL treatments, it was considered possible that N cycling could be enhanced as a result of root decomposition, and thus N 2 O emissions might be enhanced. Macduff and Jackson (1992) showed that defoliation of Italian 
sieved soil ‡ - ‡ buried (2 cm) § † C, pasture clipped and no shoot/root litter applied; CL, pasture clipped and shoot litter applied; Control, pasture not clipped and no shoot/ root litter applied; SL, sieved soil and shoot litter applied; SR 0 . sieved soil and root litter applied on the surface; SR 2 , sieved soil and root litter buried to 2 cm. ‡ No pasture clipping and/or litter addition. § Pasture clipping and/or litter addition.
ryegrass (Lolium multifl orum) and white clover in hydroponic culture increased root effl ux of NH 4 -N and NO 3 -N. For the SL treatment, 1 d before treatment application at the fi eld site, the native soil was dug out to a depth of 5 cm and then sieved to remove roots (4-mm sieve size), which might have contributed to N 2 O emissions via root decomposition (Smith and Tiedje, 1979) aft er shoot harvesting. Th is soil was then packed to a previously determined fi eld bulk density (1.08 ± 0.03 Mg m −3 ) back into the PVC containers to the same initial depth of 5 cm. Litterbags were placed on the soil surface of the repacked soil cores as above for the CL treatment. Further root litter treatments were introduced to evaluate the net eff ect of root decomposition on N 2 O emissions in the absence of litter. For the SR 0 and SR 2 treatments, soil was sieved in a similar manner as for the SL treatment to remove roots and debris and repacked into the PVC cores. ) were placed on the soil surface or buried to a depth of 2 cm, respectively.
For the sieved soil treatments (SL, SR 0 , and SR 2 ), the PVC containers were covered by a fi ne mesh at the base to avoid possible migration of soil material during subsequent sampling. To prepare litterbags, fresh 15 N-enriched shoot and root materials were inserted into fi berglass litterbags (1 mm mesh size; 7 cm diameter) (Hobbie and Vitousek, 2000) . Th e litterbags were placed on the soil surface (or buried, as applicable) inside the PVC containers according to treatment design. Identical treatments, replicated three times, were prepared to allow destructive sampling of soil cores at Days 66 and 139 aft er treatment application.
Soil, Herbage, and Gas Sampling and Micrometeorological Measurements
General soil properties at the fi eld site were determined using a commercial laboratory (Hill Laboratories). Th irty soil cores (2.5 cm diameter, 7.5 cm deep) from the experimental site were collected, bulked, and submitted for analysis.
Destructive analysis of the soil within the PVC cores was performed on three occasions in 2011 (Day 0, 21 Jan.; Day 66, 27 Mar.; and Day 139, 8 June) aft er treatment application. Fieldmoist soil cores were collected using a soil corer (7.5 cm deep × 2.5 cm diameter) from within each PVC core (three replicates per treatment); subdivided to depths of 0 to 2, 2 to 4, and 4 to 6 cm; and analyzed for inorganic N, dissolved organic C (DOC), and microbial biomass N (MBN). In the sieved soil treatments (SL, SR 0 , and SR 2 ), the sieved soil was not deep enough to be collected at 4 to 6 cm; hence, it was only collected at the fi rst two depths. A subsample of each collected soil core was dried at 105°C for 24 h to determine the gravimetric soil water content (θ g ). For determination of soil inorganic N concentrations, another subsample was shaken with 2 mol L −1 KCl in a 1:10 ratio (soil:KCl) on an end-over-end shaker for 1 h followed by centrifugation of the extract at 2000 rpm (480 g) for 10 min and then fi ltered (Whatman No. 41). Analyses for ammonium N (NH 4 -N) and nitrate N (NO 3 -N) were performed on an Alpkem FS3000 twin-channel fl ow injection analyzer (Alpkem). For DOC determination, a subsample of soil was extracted with 0.5 mol L −1 K 2 SO 4 in a 1:5 ratio (soil:K 2 SO 4 ) for 2 h on an endover-end shaker followed by centrifugation of the extractant at 750 g for 10 min and fi ltration (Whatman No. 41 ) and analysis for DOC on a Shimadzu Total Organic Carbon Analyzer (TOC 5000A, Shimadzu Oceania Pty Ltd.) fi tted with a Shimadzu ASI-5000A autosampler (Ghani et al., 2007) . To determine microbial biomass N, a further subsample of this extract was oxidized using persulfate in an autoclave held at 120°C for 1 h (Cabrera and Beare, 1993) . Th e microbial biomass N was determined on these samples using a chloroform fumigation technique (Vance et al., 1987) with the NO 3 analyzed in an identical manner. Th e MBN was calculated as the diff erence between the NO 3 -N values of the fumigated and nonfumigated samples. Both these sample sets were further analyzed for 15 N enrichment of the microbial biomass N) using the method of Templer et al. (2003) and Brooks et al. (1989), with MB-15 N calculated using the following equation (Templer et al., 2003) N g −1 dry soil), TN F is total dissolved N of fumigated soil (μg N g −1 dry soil), Atom% F is the atom% of the total dissolved N of the fumigated soil (atom%), TN NF is total dissolved N of the nonfumigated soil (μg N g −1 dry soil), and Atom% NF is the atom% of the total dissolved N of the nonfumigated soil (atom%)
Gas sampling for N 2 O emissions was performed using a closed chamber technique on 16 occasions from 21 Jan. 2011 (Day 1) until 10 Mar. 2011 (Day 49) when the N 2 O emissions had reached control levels. During gas sampling, a gas-tight screw-on PVC lid containing a rubber septum was placed on the PVC core. On each gas sampling occasion, 10-mL samples of the enclosed headspace volume were manually drawn using glass syringes by inserting a hypodermic needle attached to a 20-mL glass syringe via a threeway tap and compressed into 6-mL Exetainer vials (Labco Ltd.) at 0, 30, and 60 min aft er positioning the PVC lid. Th e gas samples were analyzed within 48 h for N 2 O using gas chromatography (De Klein et al., 2003) . Th ree hours aft er gas sampling, a further 15-mL headspace gas sample was drawn and put into 12-mL Exetainer vials. Th ese samples were equilibrated to atmospheric pressure immediately before analysis for N 2 O-15 N enrichment using isotope ratio mass spectrometry. Emission factors (expressed as a percentage of the N applied) were calculated by determining the cumulative mass of N 2 O-N emitted, subtracting the integrated control values, and dividing the diff erence by the mass of N applied to the soil in the form of either shoots or roots. Th e 15 N recovery of litter 15 N in the soil NO 3 and N 2 O pools was calculated according to Cabrera and Kissel (1989) .
Soil temperature (107-L, Campbell Scientifi c) and soil water content (CS616-L, Campbell Scientifi c) were monitored using sensory probes inserted in the soil at the 2.5-and 5.0-cm depths. Air temperature and rainfall data were monitored on a daily basis with data logged accordingly (CR23X, Campbell Scientifi c).
Statistical Analysis
Gas emission data on each gas sampling occasion and the cumulative emissions were tested for normality using the Anderson-Darling test. If the data were skewed, they were log transformed [ln(fl ux+1)] to attain normality (Press et al., 1989) . Th e statistical soft ware Minitab version 15.1 (Minitab, 2006) was used to perform the ANOVA on the emission data to determine if treatment means were equal. Treatment diff erences were tested using Tukey's test (95% confi dence interval). All data presented here are mean ± SD.
Results
Meteorological Measurements and Soil and Herbage Characteristics
Volumetric water content (θ v ) of the soil ranged from 0.22 to 0.40 m 3 water m −3 soil at 5 cm soil depth, fl uctuating with irrigation and rainfall. Th e highest daily rainfall event recorded during the experimental period was 32 mm (Supplemental Fig.  S2) . Th e average daily soil temperature at the 5-cm depth ranged from 5.1 to 27.9°C, following trends in the average daily air temperature, which ranged from 5.0 to 34.5°C (Supplemental Fig. S2 ). Soil and air temperature trended downward over time. Soil chemical properties of the fi eld site are shown in Table 2 .
Ryegrass shoot litter in the litterbags contained 408 mg C g , 188 mg g −1 hemicellulose, 318 mg g −1 cellulose, 94.1 mg g −1 lignin, and a C:N ratio of 37:1 (Table  3) . Th e pasture growing at the fi eld site contained 410 mg C g (Table 3) . Enrichments of 15 N in the ryegrass shoot litter, root litter, and in situ pasture on the day of treatment application were 5.35 ± 0.01, 3.99 ± 0.06, and 0.3668 ± 0.02 atom%, respectively (Table 3) . By Day 66, the N content of the shoot litter remaining in the CL and SL treatments in the litterbags had decreased by approximately threefold and twofold of their initial value at Day 0, respectively (Table 3) . Th e C content of the shoot litter also decreased over time (P < 0.05) but did not change in the root litter over time. Th e fastest decline in 15 N enrichment of the shoot litter occurred in the CL treatment (Table 3) . On Day 66, it was half its original value, and by Day 139, it had decreased to 0.90 atom%. Th e decrease in 15 N enrichment in the SL treatment was slower, with the litter still at 3.47 atom% 15 N by Day 139 (Table 3) . Dry matter loss of the shoot litter from the litterbags was 82 ± 7 and 46 ± 11% of the initial dry mass in the CL and SL treatments, respectively, by Day 66. Shoot litter mass in these treatments at Day 139 did not diff er from the values on Day 66. Root litter mass in the SR 0 and SR 2 treatments had declined by 50 ± 8 and 57 ± 5% at Day 66, respectively.
Soil Analyses
Inorganic Nitrogen and Microbial Biomass Nitrogen
Soil NH 4 -N concentrations increased (P < 0.05) over time at all depths in the Control and C treatments (Table 4 ). In the CL and SL treatments (generally in the root treatments), NH 4 -N concentrations were elevated in all depths at Day 139 (P < 0.05) (Table 4) . Soil NH 4 -N concentrations did not diff er with depth on Day 66, but by Day 139 they decreased with increasing soil depth, averaging 17.5 and 12.2 mg kg −1 soil at 0 to 2 and 2 to 4 cm, respectively. A signifi cant interaction (P < 0.001) of treatment with soil depth was observed on Days 66 and 139 when higher NH 4 -N concentrations occurred at shallower soil depth in all treatments except in the SR 2 treatment, which had higher concentration at the 4-to 6-cm depth on Day 66 (Table  4 ). Enrichment of 15 N for NH 4 was not determined due to insuffi cient extract volume aft er NO 3 -15 N analyses. In the control treatment, concentrations of soil NO 3 -N increased over time at all depths until Day 66 (P < 0.05), whereaft er they declined to levels initially present (Table 5 ). Soil NO 3 -N concentrations followed a similar pattern in the C treatment. When shoot litter was applied, in the CL and SL treatments, soil NO 3 -N concentrations increased by Day 66 but were higher in the CL treatment at the 4-to 6-cm depth (Table  5) . At Day 66, soil NO 3 -N concentrations were lower in the treatments receiving root litter (SR 0 and SR 2 ) at 0 to 2 cm, with no diff erences due to treatment at the 2-to 4-cm depth (Table 5) . On Day 139, soil NO 3 -N was higher in the SR 2 treatment at the 0-to 2-cm and 2-to 4-cm depths (Table 5) . Table 2 . Chemical properties of the soil at the fi eld site.
Soil properties
Lincoln University (Jan. 2011) pH (1:2) 6.0 Total C, g kg 1.14 ± 0.11E 246 ± 19.6A 12.9 ± 0.9D † CL, pasture clipped and shoot litter applied; Control, pasture not clipped and no shoot/root litter applied; SL, sieved soil and shoot litter applied; SR 0 , sieved soil and root litter applied on the surface; SR 2 , sieved soil and root litter buried to 2 cm. ‡ Data are mean ± SD (n = 3). Signifi cant diff erences (P < 0.05) over time (Days 0, 66, and 139) On Day 66, 15 N enrichment of the soil NO 3 -N in the shoot litter treatments was higher than in the root litter treatments, whereas 15 N enrichment of the soil NO 3 -N in all shoot and root litter treatments was higher (P < 0.001) than that of the control soil at the 0-to 2-cm depth (Fig. 1) . At the 2-to 4-cm and 4-to 6-cm depths, 15 N enrichments of the soil NO 3 -N in both shoot litter treatments were higher (P < 0.05) than in the control, but root litter treatments did not diff er from the control (Fig. 1) . On Day 66, values for 15 N enrichment of the soil NO 3 -N in the CL, SL, and SR 0 treatments were also higher (P < 0.01) at the 0-to 2-cm than at the 2-to 4-cm depth (Fig. 1) , whereas the 15 N enrichment of soil NO 3 -N in the CL treatment was higher (P < 0.001) than the Control and C treatments at the 4-to 6-cm depth (Fig. 1) . Enrichment of NO 3 -15 N was not determined on Day 139 due to insuffi cient extract volume.
Mean recoveries of 15 N as NO 3 -N on Day 66 at the 0-to 2-cm depth in the CL and SL treatments were 1.63 and 1.44%, respectively, and these treatments had higher 15 N recoveries than in the SR 0 and SR 2 treatments, which were 0.06 and 0.02%, respectively. Th e 15 N recoveries as NO 3 -N on Day 66 at the 2-to 4-cm depth followed the same trend and were 0.60, 0.34, 0.02, and 0.05% in the CL, SL, SR 0 , and SR 2 treatments, respectively, with recoveries again higher (P < 0.01) in the CL and SL treatments.
Values of MBN did not diff er with treatment on Days 66 and 139. However, the overall mean across treatments at the 0-to 2-cm depth on Day 66 (1.41 mg kg −1 soil) was higher (P < 0.05) Table 4 . Soil ammonium nitrogen at 0 to 2, 2 to 4, and 4 to 6 cm from control, shoot, and root treatments over time after surface application of ryegrass litter.
Treatment † NH 4 -N --------mg kg
Control 6.5 ± 0.8aA ‡ 9.8 ± 0.7aB 26.1 ± 5.4aC C 6.5 ± 0.8aA 9.9 ± 0.5aB 21.5 ± 5.5abC CL 6.5 ± 0.8aA 7.3 ± 1.4abA 19.9 ± 1.9abB SL 6.5 ± 0.8aA 5.2 ± 0.6bcA 10.9 ± 0.2cB SR 0 6.5 ± 0.8aB 4.4 ± 1.0cA 11.8 ± 1.0cC SR 2 6.5 ± 0.8aB 6.0 ± 1.1bcA 15.1 ± 1.6bcC 2-4 cm Control 5.2 ± 1.2aB 7.2 ± 1.2abA 15.5 ± 1.7aC C 5.2 ± 1.2aA 7.8 ± 1.3abB 12.8 ± 2.7abC CL 5.2 ± 1.2aA 5.3 ± 1.3bA 12.4 ± 0.6abB SL 5.2 ± 1.2aA 5.4 ± 0.2bA 11.0 ± 1.1abB SR 0 5.2 ± 1.2aA 4.5 ± 0.6bA 11.9 ± 2.1abB SR 2 5.2 ± 1.2aA 11.0 ± 2.9aC 9.8 ± 0.7bB 4-6 cm Control 4.7 ± 0.2aA 6.7 ± 0.2aB 12.5 ± 2.8aC C 4.7 ± 0.2aA 6.5 ± 0.6aB 10.9 ± 0.8aC CL 4.7 ± 0.2aA 5.6 ± 1.1aA 20.7 ± 11.6aB SL 4.7 ± 0.2a na na SR 0 4.7 ± 0.2a na na SR 2 4.7 ± 0.2a na na † C, pasture clipped and no shoot/root litter applied; CL, pasture clipped and shoot litter applied; Control, pasture not clipped and no shoot/ root litter applied; SL, sieved soil and shoot litter applied; SR 0 , sieved soil and root litter applied on the surface; SR 2 , sieved soil and root litter buried to 2 cm. ‡ Signifi cant diff erences between treatments (vertical comparison) for any given depth are shown by lowercase letters (Tukey's test; P < 0.05). Signifi cant diff erences due to time (across rows) are shown by uppercase letters (Tukey's test; P < 0.05). Data are mean ± SD. 3.0 ± 1.2a na na † C, pasture clipped and no shoot/root litter applied; CL, pasture clipped and shoot litter applied; Control, pasture not clipped and no shoot/ root litter applied; SL, sieved soil and shoot litter applied; SR 0 , sieved soil and root litter applied on the surface; SR 2 , sieved soil and root litter buried to 2 cm. ‡ Signifi cant diff erences between treatments (vertical comparison) for any given depth are shown by lowercase letters (Tukey's test; P < 0.05). Signifi cant diff erences due to time (across rows) are shown by uppercase letters (Tukey's test; P < 0.05). Data are mean ± SD.
than the overall mean (0.77 mg kg −1 ) at Day 139. Microbial biomass 15 N enrichment in the shoot litter treatments was higher (P < 0.05) than in the other treatments at the 0-to 2-cm depth on Day 66 and accounted for 0.04 ± 0.02 and 0.04 ± 0.01 μg 15 N g −1 in the CL and SL treatments, respectively. Th e MBN concentrations on Day 66 in the CL and SL treatments were 1.7 ± 0.6 and 1.3 ± 0.6 mg kg 
Dissolved Organic Carbon
On Days 66 and 139, concentrations of DOC at the 0-to 2-cm and 2-to 4-cm depths in the control treatment did not diff er from the shoot litter treatments (CL and SL), but both of these were higher (P < 0.05) than in the root treatments (SR 0 and SR 2 ) (Fig. 2) . On average, DOC concentrations in the shoot and root litter treatments on Day 66 were 112 ± 12 and 86 ± 8 mg kg −1 soil, respectively, which then decreased signifi cantly over time with values on Day 139 of 85 ± 27 and 56 ± 16 mg kg −1 , respectively (Fig. 2) . A signifi cant depth eff ect was observed in the shoot litter treatments on Day 66 (P < 0.05), with higher concentrations at the 0-to 2-cm depth (116 ± 12 mg kg −1 ) than at the 2-to 4-cm depth (88 ± 7 mg kg −1 ).
Nitrous Oxide Emissions
Emissions of N 2 O did not follow a normal distribution and hence were log transformed [ln(fl ux+1)]. Statistical diff erences were calculated on log-transformed data and were then back transformed for reporting. On Day 1 (17 h aft er treatment application), N 2 O emissions from the treated plots averaged 11 ± 6 μg N 2 O-N m −2 h −1 and did not diff er signifi cantly from the Control, which averaged 7 ± 5 μg N 2 O-N m −2 h −1 (Fig.  3a) . Emissions of N 2 O from the CL treatment were elevated on Days 5, 6, and 9, with maximum emissions occurring on Day 6, when they were higher (P < 0.001) than in the other treatments. Emissions of N 2 O on Day 6 were 146 ± 125, 240 ± 106, 4320 ± 2876, 1135 ± 1225, 286 ± 237, and 136 ± 106 μg N 2 O-N m −2 h −1 from the Control, C, CL, SL, SR 0 , and SR 2 treatments, respectively (Fig. 3a) . From Day 5, N 2 O emissions from all treatments were higher (P < 0.05) than from the Control until Day 16, but they did not diff er from the control thereaft er. Cumulative N 2 O emissions integrated over 49 d were 28 ± 14, 32 ± 17, 276 ± 49, 123 ± 54, 53 ± 14, and 84 ± 31 mg N 2 O-N m −2 for the Control, C, CL, SL, SR 0 , and SR 2 treatments, respectively, with higher (P < 0.001) losses occurring from the CL treatment. Cumulative emissions in the sieved soil treatments (SL, SR 0 , and SR 2 ) did not diff er (P > 0.05) within the treatments but were higher than the Control and C treatments. Approximately 38 to 75% and 21 to 30% of the total emissions occurred during the 4-to 10-d period in the shoot (CL and SL) and root litter (SR 0 and SR 2 ) treatments, respectively. Th e emission factor (EF) for N 2 O from the CL treatment was higher (P < 0.05) than in the SL treatment (1.2 ± 0.2 and 0.4 ± 0.3%, respectively) over the 49-d period. Th e EF of the SR 2 treatment (3.8 ± 2.1%) was higher (P < 0.001) than in the other treatments, whereas the SR 0 treatment was lower (1.7 ± 1.0%) than the SR 2 treatment. 
Discussion
Nitrous Oxide Emissions
Surface deposition of ryegrass shoot and root litters and its subsequent decomposition stimulated N 2 O emissions. Th e 5-d delay in these emissions becoming signifi cant may have been due to the time required for microbial growth (Larsson et al., 1998; McKenney et al., 1995) or the time required for ammonifi cation (breakdown of plant tissues) and its subsequent availability to microbes. Th is was also evident from the DM loss (46 and 82% from the SL and CL treatments, respectively) and depleted N content of the shoot litter material, which showed that litter N mass was already depleted by Day 66 due to microbial utilization, similar to a previous study (Brunetto et al., 2011) . Th e direct eff ect of the C:N ratio on N 2 O emissions has been documented widely (Baggs et al., 2003; Velthof et al., 2002) , and the plant species under investigation is a factor governing the N 2 O emissions. Compared with other pasture species, perennial ryegrass has a relatively high soluble carbohydrate content (Aldrich, 1984) , a lower C:N ratio, and higher enzymatic activity during decomposition (Dilly et al., 2007) ; this, along with rainfall on Day 2, might also have accelerated the process of soil N and litter N mineralization and subsequent N 2 O emissions (Larsson et al., 1998) Generally, any plant residue, whether it is surface placed or incorporated into the soil, primarily undergoes ammonifi cation (i.e., the process whereby mineralization of plant proteins occurs, forming NH 4 via microbial decomposition). Th is NH 4 can further be transformed to NO 3 via nitrifi cation (Flessa et al., 2002) , or it can be volatilized to NH 3 into the atmosphere (De Ruijter et al., 2010) . Th e soil pH at the fi eld site indicates that volatilization of NH 3 was unlikely ( N was transformed and available as a substrate for denitrifi ers in an inorganic N form. Flessa et al. (2002) measured N 2 O emissions from surface-placed fresh grass leaves (Poa pratensis L.) and concluded that the emissions occurred due to a coupling of nitrifi cation and denitrifi cation of litter-derived N. Th e soil water content (46-52% water-fi lled pore space [WFPS] ) during the period of maximum emissions (5-10 d) in this study was not ideal for denitrifi cation, although other studies have shown that aerobic denitrifi cation can occur in soils with WFPS values as low as 20% (Bateman and Baggs, 2005) and that N 2 O emissions may also occur from anaerobic microsites within soil aggregates over a wide range of soil WFPS (Ambus and Christensen, 1994; Muller and Sherlock, 2004; Novosad and Kay, 2007) . Flessa et al. (2002) . Larsson et al. (1998) applied ryegrass onto the soil surface in situ at a rate of 34.8 g N m −2 over a 92-d period, but emissions of N 2 O did not diff er from a control soil, and the reported EF was only 0.1%. Aulakh et al. (1991) surface-placed dried and chopped residues of hairy vetch (Vicia villosa Roth.; C:N ratio of 8, similar to the ryegrass shoots used here) and corn (Zea mays L.; C:N ratio of 39, similar to root treatments in this study) and found that cumulative N 2 O emissions were 6.1 and 3.2 mg N kg −1 soil at 90% WFPS at 25°C over 35 d in a laboratory incubation. In the present study, cumulative emissions from the shoot litter treatments were almost 3 to 10 times higher when compared with the results of Flessa et al. (2002) and Aulakh et al. (1991) ; however, the rate of N applied in the present study was almost double (21.3 g N m −2 ). Moreover, in the study of Flessa et al. (2002) , the emissions commenced a week aft er treatment application, which was similar (5 d) to the present study, but they observed elevated emissions over 28 d as opposed to 10 d in this study. Aulakh et al. (1991) and Pal et al. (2012) also observed short-lived elevated N 2 O emissions aft er 4 and 8 d aft er incorporation of crop residues and pasture shoots with soil, respectively, similar to the present study.
Emission Factor of Nitrous Oxide
Emission factors for the shoot litter treatments in this current study ranged from 0.4 to 1.2% and were similar in magnitude to the studies discussed above aft er considering factors such as N content of the applied litter, soil type, and climate. Pal et al. (2012) , in a laboratory study, also reported similar EF values of 0.7 and 1.7% for white clover and ryegrass pasture species (mean 1.2%) at θ v , 0.40 m 3 m −3 (vs. an average θ v , 0.31 m 3 m -3 in the current study). On this basis, the laboratory study (Pal et al., 2012) and the current study provide similar results for the EF values. Th e EF of 1.2 ± 0.2% from the CL treatment was also close to the default EF (of 1%) stipulated by IPCC best practice guidelines for crop residues.
Biochemical Composition of the Litter Applied
Protracted N 2 O emissions in the root litter treatments were probably a result of their recalcitrant biochemical composition (Aulakh et al., 1991; Huang et al., 2004) , which included a higher C:N ratio and higher cellulose and lignin contents. Studies have shown that recalcitrant materials, such as stubbles and roots (Cusack et al., 2009) , with high C:N ratios can take longer to mineralize (Gentile et al., 2008; Kuzyakov et al., 1999) . Th e highest EF (3.8%) in the SR 2 treatment showed that delayed yet continuous mineralization of the recalcitrant root material occurred, and this might have been enhanced due to its incorporation at 2 cm. Th e DM loss in the SR 0 treatment was also slower than in the shoot litter treatments due to the recalcitrant biochemical composition of the root litter (Glasener et al., 2002; Wang et al., 2010) . Th e lower 15 N enrichment of the N 2 O evolved from the root litter treatments was due to a greater soil N contribution, possibly resulting from soil sieving enhancing soil N mineralization. Aulakh et al. (1991) also indicated that incorporation or surface placement of high C:N ratio crop residues could cause signifi cant immobilization of mineral N, and this was also a possible reason for the lower soil inorganic N concentrations in the root litter treatments in this study.
Conclusions
Surface decomposition of ryegrass shoots and roots induced N 2 O emissions with maximum emissions 5 to 10 d aft er treatment application and elevated emissions continuing until Day 16. Th e 15 N analyses revealed that litter N made a signifi cant contribution to the N 2 O fl ux, with approximately 70% of the total N 2 O coming from the ryegrass litter placed on clipped pasture (CL treatment). Th e elevated emissions in the shoot litter treatments are attributed to the relatively low C:N ratio and its biochemical composition. Th e EF value for shoot litter in situ on the pasture surface (1.2 ± 0.2%) in the current study is similar to the default EF of 1% stipulated by the IPCC for crop residues. Although data directly relating to grazing animal eff ects on litter production and subsequent N 2 O emissions are still limited, this is clearly an area of N 2 O production not currently addressed by the IPCC; the IPCC only considers pasture residues during pasture renovation and not during grazing events. Investigation using pasture litter of varying biochemical composition is warranted to further consider the impacts of litter rates and the microbial processes responsible for the N 2 O emissions observed aft er litter deposition onto the soil surface.
